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In vertebrates, certain Hox genes are known to control cellular identities along the anterior–posterior (A-P) axis in the
developing hindbrain. In mouse Hoxa3 mutants, truncation of the glossopharyngeal (IXth) nerve or the fusion of the IXth
nd vagus (Xth) nerves was reported, although its underlying mechanism is largely unknown. To elucidate the mechanism
f the IXth nerve defects, we reexamined the phenotype of Hoxa3 mutant embryos. In Hoxa3 mutants, we observed an
abnormal caudal stream of the migrating Hoxa3-expressing neural crest cells at the prospective IXth nerve-forming area.
Dorsomedial migration of the placode-derived neuronal precursor cells of the IXth nerve was also affected. Motor neurons
at rhombomere 6 (r6), where those of the IXth nerve were positioned, often projected axons to the Xth nerve. In summary,
the Hoxa3 gene has crucial roles in ensuring the correct axon projection pattern of all three components of the IXth nerve,
i.e., motor neurons and sensory neurons of the proximal and distal ganglia. © 2001 Academic Press
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1INTRODUCTION
Hox genes encode Antennapedia-class homeodomain
transcription factors, molecules that have crucial roles in
patterning the body along the anterior–posterior (A-P) axis
during vertebrate development. There are 39 known Hox
genes in mice and humans, and they are located in 4 gene
clusters on 4 chromosomes (Scott, 1992). These genes
correspond to the homeotic complex (HOM-C) genes of
insects, which define segmental identities of each hemiseg-
ment of the body (Lawrence and Morata, 1994).
The developing vertebrate hindbrain transiently forms
metameric structures called rhombomeres (Lumsden and
Krumlauf, 1996), in which cell movement is restricted
(Fraser et al., 1990). The even-numbered rhombomeres
further develop specific cranial nerves (Lumsden, 1990).
This unique feature of rhombomeres provides a good model
for studying the A-P patterning mechanisms of the verte-
brate brain. Neural crest cells (NCCs), which arise from the
dorsal edge of rhombomeres, also have A-P identities of the
position of the neural tube in which they originate, and
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All rights of reproduction in any form reserved.igrate to the branchial arches to form mesenchyme, some
onnective tissues, bones, thyroid, parathyroid, sensory
ranial neurons, Schwann cells, etc. (reviewed in Krumlauf,
992, 1994; Krumlauf et al., 1993). Some Hox genes have
their anterior expression border at a certain rhombomere
boundary, and are also expressed in NCCs. The streams of
NCCs from the hindbrain region retain their A-P identities
of the rhombomeres as combinations of the Hox genes they
express (Hox code; Hunt et al., 1991). Based on these
expression analyses and analogy with fly genetics, Hox
genes have been expected to have important roles in A-P
patterning of the hindbrain or the laryngeal region. Actu-
ally, rhombomere-restricted misexpression of Hoxb1 re-
sulted in the homeotic transformation of motor neurons
(Bell et al., 1999). There are also numbers of Hox gene
mutant mice that show defects in their hindbrain and
adjacent areas. For example, Hoxa1 and Hoxa2 mutants
showed segmentation defects (Carpenter et al., 1993; Mark
et al., 1993; Gavalas et al., 1997), and Hoxb1 was needed for
the maintenance of rhombomere 4 (r4) identity (Studer et
al., 1996). In the laryngeal region of Hoxa2 mutants, some
skeletal elements derived from NCCs showed transforma-
tion to those of other A-P levels (Gendron-Maguire et al.,
1993; Rijli et al., 1993). The group-3 paralogous Hox genes
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16 Watari et al.(Hoxa3, b3, d3) were shown to be necessary for the proper
development of the thymus, thyroid, and parathyroid,
which in part originate from NCCs (Chisaka and Capecchi,
1991; Manley and Capecchi, 1995, 1998).
The segmental structure of the hindbrain is closely in-
volved in the development of the branchial nerves, i.e., the
trigeminal (Vth), facial (VIIth), glossopharyngeal (IXth), and
vagus (Xth) nerves (Fig. 1). In the hindbrain, there appear
cell bodies of the motor neurons of these nerves and efferent
fibers exit from a certain rhombomere in a stereotypic
manner (reviewed in Lumsden, 1990). At the peripheral
region, each branchial nerve has two sensory ganglia (Fig.
FIG. 1. Schematic representation of branchial nerve developmen
nerves. Neurons in the proximal ganglia of the VIIth, IXth, and Xth
from the epibranchial placodes. The Vth nerve has a single ganglion
(A) Directions of NCC migration in the hindbrain region are indic
arrows indicate the directions of the placode-derived cell migration
are indicated. (A, B) The Hoxa3-expressing area along the A-P axis is
hrough the IXth or Xth nerve. Migration patterns of neuronal and
re derived from NCCs. Axon projection pattern of the IXth or Xth n
nd distal (blue circle) ganglia send central axons into the neural tu
otor neurons are located in the motor column in the ventral neu
rom the neural tube, and extend along with the sensory fibers. Th
anglion (large blue arrow), peripheral axons of neurons in the proxi
rrow), make a bundle between the two ganglia.1B), the proximal and distal ganglia (the Vth nerve has a c
Copyright © 2001 by Academic Press. All rightused ganglion). These afferent axons fasciculate and form a
ingle bundle with the efferent fibers and innervate the
rain stem nuclei. Chick–quail transplantation experi-
ents showed that the neurons of proximal ganglia were
erived from NCCs and those of the distal ganglia, from
lacodes. Glial cells are solely from NCCs (D’Amico-
artel and Noden, 1983; Fig. 1). All three neuronal compo-
ents of each branchial nerve (motor neuron, sensory neu-
on in the proximal ganglion, and sensory neuron in the
istal ganglion) should develop in concert at the right place
nd time to project axons towards their correct targets.
Lately, some genes expressed in the developing sensory
e Vth, VIIth, IXth, and Xth cranial nerves belong to the branchial
es are derived from NCCs. Those in the distal ganglia are derived
ich contain neurons from both neural crest and trigeminal placode.
by red arrows. Positions of the placodes are marked in blue. Black
he positions of the proximal and distal ganglia in an E11.5 embryo
cated by light purple. (C) Schematic diagram of a transverse section
precursor cells are indicated on the left side. Glial precursor cells
is indicated on the right side. Neurons in both proximal (red circle)
hese neurons also send axons into the periphery. Cell bodies of the
ube (green circle). Axons from these neurons extend dorsally, exit
types of axons, i.e., central axons of sensory neurons in the distal
anglion (large red arrow), and axons from the motor neurons (greent. Th
nerv
, wh
ated
. (B) T
indi
glial
erve
be. T
ral t
ree
mal gomponents of the branchial nerves have been disrupted,
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18 Watari et al.and such knockout mutants showed defects in those struc-
tures. For example, two bHLH genes, Neurogenin1 and -2,
regulate the first step of placode-derived ganglion develop-
ment; i.e., cell fate determination towards neuronal cells
(Ma et al., 1998; Fode et al., 1998). Besides cell-type deter-
ination and differentiation, precursor cell migration and
xon extension also must be precisely regulated. For ex-
mple, receptor tyrosine kinase ErbB4 is expressed in r3, 5
and regulates migration-route selection of NCCs (Golding
et al., 2000). Eph family receptor tyrosine kinases and their
ligands are known to be involved in directed migration of
NCCs in Xenopus (Smith et al., 1997). Branchial motor
axons of branchial nerves are partly guided by the sensory
ganglia and/or the HGF (hepatocyte growth factor) produced
in the branchial arches (Caton et al., 2000).
Among mutant mice having cranial nerve defects, Hoxa3
knockout mice showed specific truncation of the IXth
nerve (Manley and Capecchi, 1997). As analysis of this quite
restricted defect would be expected to shed light on the
mechanisms of cranial nerve development, we presently
analyzed in detail mouse Hoxa3 mutant embryos with
respect to their IXth cranial nerve defect. This truncation of
the IXth cranial nerve could be traced back to migration
defects of the glial and neuronal precursors; i.e., NCCs and
placode-derived cells. Our findings indicate that a Hox gene
regulates cell migrations in the dorso-ventral direction at a
specific A-P level, which migrations are essential for the
three components of a branchial nerve to project their axons
towards their correct targets.
MATERIALS AND METHODS
Animals
The disruption of the Hoxa3 gene by homologous recombination
and the generation of Hoxa3 mutant mice were described earlier
Chisaka and Capecchi, 1991). Noon of the day vaginal plugs were
ound was designated as embryonic day 0.5 (E0.5).
PCR Genotype Analysis
Genotypes of embryos from matings of Hoxa3 heterozygous
ice were determined by using PCR. The primer sequences were
escribed previously (Manley and Capecchi, 1995). The reaction
as carried out as follows: 94°C for 5 min, and 35 cycles of: 94°C
or 60 s, 66°C for 30 s, and 72°C for 60 s with a 1-s increase each
ycle, and then 72°C for 7 min.
Whole-Mount Immunohistochemistry
Whole-mount immunohistochemistry was performed as de-
scribed (Davis et al., 1991) with some modifications. For neurofila-
ent staining, embryos were fixed in methanol:DMSO (4:1) over-
ight at 4°C, bleached in 5% H2O2/PBST (PBS containing 0.5%
riton X-100) for 6 h at room temperature, and blocked in PBSTMD
PBST, 1% DMSO, 2% skim milk) for 1 h. 2H3 antibody (Devel-
pmental Studies Hybridoma Bank; DSHB) against a 165-kDa
eurofilament protein was used at a 1/10 dilution in PBSTMD.
Copyright © 2001 by Academic Press. All rightfter 3–5 days of incubation with the first antibodies, the embryos
ere washed in PBST four times for 1 h each and blocked in
BSTMD. They were next incubated for 3 days with horseradish
eroxidase-conjugated secondary antibody at a 1/400 dilution.
hereafter, the embryos were rinsed with PBST and incubated for
0 min with 1 mg/ml diaminobenzidine/PBST; and then an equal
olume of 0.03% H2O2/PBST was added. The color reaction was
stopped by several washes in PBST, once a good staining intensity
had developed. The embryos were cleared in BABB, benzyl alcohol:
benzyl benzoate (1:2). For neurofilament and Islet-1 double stain-
ing, embryos were fixed in 4% PFA/PBS on ice for 2–3 h, and then
bleached in 0.5% H2O2/PBST for 6 h. After the specimens had been
blocked in PBSTMD, they were incubated with rabbit anti-
neurofilament M polyclonal antibodies (CHEMICON) and 2D6
monoclonal antibodies (DSHB) against Islet-1, used at a 1/200 and
1/10 dilution, respectively. After four washes with PBST, and
blocking with PBSTMD, the embryos were incubated for 3–5 days
with Alexa Fluor 488-conjugated anti-rabbit IgG (Molecular Probes)
and Alexa Fluor 594-conjugated anti-mouse IgG (Molecular Probes)
to detect neurofilament and Islet-1, respectively. Embryos were
refixed in 4% PFA/PBS for 1 day at 37°C, and were cut along the
midline. They were immersed in a graded series of glycerol up to
100% and observed under a confocal microscope (MRC1024, Bio
Rad).
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization was performed essentially as
described by Wilkinson (1992). Mouse embryos were fixed over-
night in 4% PFA in PBS at 4°C, dehydrated in methanol, and stored
at 220°C until used. Digoxigenin-labeled RNA probes were used at
0.5 mg/ml; and alkaline phosphatase-conjugated anti-digoxigenin
Fab fragments, at a 1/4000 dilution. Color reactions were carried
out with BM purple (Roche) at 4°C for 1 day to 2 weeks. Hoxa3
antisense probe was transcribed from a HindIII–AatI fragment of
Hoxa3 cDNA, which is 59 of the homeodomain-coding sequence. In
the Hoxa3 knockout mice, a neor gene with a poly(A) signal was
inserted into the third helix of the homeodomain. Therefore, the
Hoxa3 gene upstream of the homeobox was transcribed in the
mutants, and this incomplete RNA could be hybridized with the
antisense probe described above. The following other antisense
probes used in this study were described earlier: Phox2a (Valarche
et al., 1993), Sox10 (Watanabe et al., 2000), CRABP1 (Stoner and
Gudas, 1989), and cadherin6 (Inoue et al., 1997).
Sectioning
Embryos stained as whole mounts were refixed in 4% PFA/PBS
for 2–4 h at 4°C. They were then immersed in a graded series of
sucrose solutions, frozen in Tissue-Tek OCT compound (Sakura
Finetechnical Co.), and sectioned transversely at 10 mm.
Retrograde Labeling
E10.0 and E10.5 embryos were dissected in PBS and fixed in 4%
PFA/PBS. DiI (D-282, Molecular Probes), a carbocyanine dye, was
dissolved to saturation in dimethylformamide and stored at 4°C.
Ganglia of the Xth nerve were injected with a 10-fold diluted stock
solution of the dye. Injected embryos were incubated to allow
diffusion of the dye in 4% PFA at 37°C for 2 days, immersed in a
graded series of glycerol solutions up to 60%, and mounted flat.
The labeling pattern was viewed under a confocal microscope
(MRC1024, Bio Rad).
s of reproduction in any form reserved.
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19Hoxa3 in IXth Nerve DevelopmentAlkaline Phosphatase (AP) Tag Staining
The preparation of ephrin-A5-AP and EphA2-AP probes was
described earlier (Brennan et al., 1997; Durbin et al., 1998). Whole-
ount AP binding studies were performed as described (Cheng and
lanagan, 1994) with some modifications. Unfixed embryos were
ncubated with probes for 12 h at 4°C, washed five times with 0.1%
SA containing HBSS, fixed with 4% PFA for 1 h on ice, and rinsed.
fter heat-inactivation, the embryos were stained with BM purple
Roche).
RESULTS
Hoxa3 Mutants Have Defects in the IXth Nerve
Developmental defect of the IXth cranial nerve was
reported (Manley and Capecchi, 1997), but nothing is
known about which processes are regulated by Hoxa3. To
investigate the role of Hoxa3, we first reexamined the
attern of the cranial nerves in E11.5 Hoxa3 mutants by
sing anti-neurofilament antibody (Dodd et al., 1988). In
ild-type embryos, the IXth nerve extends from the hind-
rain posterior to the otic vesicle, and the Xth nerve courses
arallel to the IXth nerve (Fig. 2A). In Hoxa3 mutants, two
ypes of abnormalities in the IXth nerve (Figs. 2B and 2C)
ere observed, as Manley and Capecchi (1997) had de-
cribed earlier. In some mutant embryos, the distal ganglion
f the IXth nerve was not connected to the proximal
anglion of this nerve (phenotype 1; Fig. 2B); and in other
utants, the IXth and Xth nerves were fused to form an
bnormal bundle (phenotype 2; Fig. 2C). Some mutant
mbryos had both phenotypes, one on either side. Pheno-
ypes 1 and 2 were observed in 17/44 (38.6%) and 14/44
31.8%), respectively, of the IXth nerve in 22 Hoxa3 ho-
ozygous mutants; and the remaining 13 (29.5%) speci-
ens looked rather normal. That is, the connection be-
ween the proximal and distal ganglia of the IXth nerve
ormed beside the Xth nerve. Heterozygous mutants also
howed phenotypes 1 and 2 at lower penetrance. In mutants
hat showed phenotype 1 (Fig. 2B), the placode-derived
eurons of the distal ganglion failed to send axons towards
he proximal ganglion and the neural tube. Peripheral
ranches of the placode-derived neurons exhibited an essen-
ially normal projection pattern (Figs. 2D and 2E; arrow-
eads), though each branch was less tightly fasciculated.
eripheral projection from the proximal ganglion neurons
nd the motor neurons of the IXth nerve was missing
etween the two ganglia (Fig. 2B; black bracket). In mutants
howing phenotype 2 (Fig. 2C), the placode-derived neurons
eemed to send axons towards the neural tube along the Xth
erve. These neurons also extended loosely fasciculated
eripheral branches in the normal direction (Fig. 2F; arrow-
eads), as in type-1 mutants, indicating that in Hoxa3
utants, these neurons can respond to axon guidance cues
n the periphery. It should be noted that in both phenotypes,
he exit and/or entry points of the nerve fibers were posi-
ioned just posterior to the otic vesicle as seen in wild-type
mbryos (Figs. 2A–2C; compare positions of white brack-
Copyright © 2001 by Academic Press. All rightts). It seemed that axons from the proximal ganglion
eurons of the IXth nerve projected to the distal ganglion of
he Xth nerve in phenotype 1 mutants and to the fused
anglia in type-2 mutants. Thus, the neurofilament staining
emonstrated that Hoxa3 is required for the correct axon
rojection between the two ganglia of the IXth nerve.
The Proximal Ganglion of the IXth Nerve Exists
but Is Positioned alongside That of the Xth Nerve
Neurofilament staining showed that in Hoxa3 mutants,
there were entry and/or exit points at r6 (Figs. 2B and 2C).
Manley and Capecchi (1997) had suggested that phenotype
1 seen in Hoxa3 mutants may have resulted from deletion
of the proximal ganglion of the IXth nerve; however, the
existence of the proximal ganglion in the mutants had not
been examined. To address this question, we performed
immunohistochemistry using monoclonal antibody against
Islet-1, a LIM homeodomain protein expressed in the cra-
nial sensory ganglia (Pfaff et al., 1996; Ikeya et al., 1997).
Immunostaining of E11.5 mouse embryos revealed posi-
tions of cell bodies of the IXth and Xth proximal ganglion
neurons. Double staining for Islet-1 and neurofilament
clearly showed that in the wild-type embryos, the proximal
ganglia of the IXth and Xth nerves were adjacently located
as separate groups of cells (Figs. 3A–3C; arrowhead in 3A).
In both phenotype-1 and -2 mutants, judging from neuro-
filament staining patterns and positions, the proximal gan-
glia of the IXth nerve did exist (Figs. 3D–3I; arrowheads in
3D and 3G). However, the proximal ganglia of the IXth and
Xth nerves in the mutants were not positioned separately as
in the wild-type embryos; rather the ventral part of the IXth
proximal ganglion was along the Xth proximal ganglion. In
mutant embryos that had IXth nerve fibers connecting the
two ganglia, we also observed this closely associated distri-
bution pattern of the IXth and Xth nerve proximal ganglia
(data not shown). These data indicate that in Hoxa3 mu-
tants, the IXth proximal ganglion formed and differentia-
tion into the neuronal fate took place, although the distri-
bution of the neurons was slightly affected. In all mutants
examined, deletion of the IXth proximal ganglion was not
the case. It is most likely that the proximal ganglion of the
IXth nerve located close to that of the Xth nerve projects
peripheral fibers along the Xth nerve, even in the case
where the placode-derived neurons could not send axons to
the proximal ganglion (Figs. 3D–3F).
Motor Neurons at R6 Send Axons towards the Xth
Nerve in Hoxa3 Mutants
As described above, the neurofilament staining data sug-
gested the possibility that motor neurons of the Hoxa3
mutant IXth nerve exit from r6 and extend axons with the
Xth nerve. To test this possibility, at first we performed
neurofilament staining on flat-mounted embryos at E10.0,
when rhombomere boundaries were clearly visible. In wild-
type embryos, the IXth nerve motor neurons were located at
s of reproduction in any form reserved.
20 Watari et al.FIG. 3. Double staining for Islet-1 and neurofilament at E11.5 shows that the proximal ganglion of the IXth nerve exists alongside that of the
Xth nerve in Hoxa3 mutants. (A, D, G) Islet-1 staining, (B, E, H) neurofilament staining, and (C, F, I) merged images of Islet-1 and neurofilament
signal. (A–C) In wild-type embryos, the proximal ganglion neurons of the IXth (arrowhead) and Xth nerves are separately located at the stem of
each nerve bundle. In both homozygous mutant with phenotype 1 (D–F) and that with phenotype 2 (G–I), the proximal ganglion neurons of the
IXth nerve (arrowheads) exist, but they do not form an isolated ganglion from the Xth nerve proximal ganglion as in the wild-type embryos.FIG. 4. The IXth nerve motor neurons in Hoxa3 mutants differentiate normally but extend axons along the Xth nerve. (A, B) Dorsal views of
neurofilament staining of a flat-mounted wild-type embryo (A) and Hoxa3 mutant (B) at E10.0. r6 is marked by brackets. The IXth and Xth nerve
bundles are indicated (arrows). (C–E) DiI label experiments on the Xth nerve of E10.0 wild-type (C), E10.0 mutant (D), and E10.5 mutant (E)
embryos. In the wild-type embryo, labeled cell bodies are only found posterior to the r6/7 boundary. (D) In the E10.0 mutant embryo, labeled cells
are detected at r6. In the region posterior to the r6/7 boundary, labeled cells are fewer than in wild-type embryos. At E10.5 (E), cell bodies are as
numerous as in wild-type embryos in the region posterior to the r6/7 boundary. Labeled cells are also detected at r6.
FIG. 5. Dorsomedial migration defects of the IXth nerve placode-derived cells in Hoxa3 mutants. (A, D, G) Islet-1 staining, (B, E, H)
neurofilament staining, and (C, F, I) merged images of E10.25 embryos. (A) In control embryos, the IXth nerve placode-derived cells are distributed
in a stream from beneath the placode to where the proximal ganglion neurons will aggregate. (B, C) Neurofilament signal is also extended from
near the placode to the proximal ganglion-forming region. (D) In some mutants, dorsomedial migration is disturbed, and there is no signal in the
region just ventral to the prospective proximal ganglion area. (E, F) Also, no neurofilament signal is detected near the proximal ganglion-forming
region. (G) In other mutants, placode-derived cells migrate abnormally in the caudal direction towards the Xth distal ganglion. (H, I) In those
mutants, neurofilament signal that connects between the placode-derived populations and the neural tube is observed. The otic vesicle is marked
by a dotted line. In (A) and (D) and (G), arrowheads indicate the distribution of the placode-derived neurons of the IXth nerve.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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22 Watari et al.r6; and the Xth nerve ones were positioned posterior to the
r6/7 boundary. These motor neurons extended axons dor-
sally, and then these axons exited from the neural tube.
Outside of it, the axons of the IXth and Xth nerve motor
neurons made fascicles with the sensory fibers of the IXth
and Xth nerve, respectively. At E10.0, there was no signifi-
cant difference between wild-type and mutant embryos
(Figs. 4A and 4B). We also used fluorescent secondary
antibody and observed specimens with a confocal micro-
scope, but no alterations were detected in the mutant
embryos (data not shown). These data together with no
gross alteration of a r5, r6 specific marker gene (FGF3) and
a rhombomere boundary marking gene (PLZF) expression
(data not shown) indicate that in Hoxa3 mutants, differen-
tiation and dorsal extension of axons of the presumptive
IXth nerve motor neurons took place normally at r6.
Next, by injecting the lipophilic dye DiI into the Xth
nerve fibers at E10.0, we tested the idea that the motor
neurons at r6 extend axons along with the Xth nerve in
mutants. As expected, in wild-type embryos, labeled axons
and cell bodies of motor neurons were located posterior to
the r6/7 boundary, and there was no signal in r6 (Fig. 4C).
But in mutant embryos, stained axons and cell bodies were
detected at r6 and also in a more caudal region, indicating
that the motor neurons at r6 had extended their axons with
the Xth nerve (Fig. 4D). It should be noted that at this stage
axon projection of the Xth nerve motor neurons at r7 was
also affected. In Hoxa3 mutants, there were fewer labeled
cell bodies than in wild-type embryos in the region poste-
rior to the r6/7 boundary, where the Xth nerve motor
neurons were positioned (Figs. 4C and 4D). As an indistin-
guishable difference in the amount of neurofilament stain-
ing signal was seen in the neural tube between wild-type
and mutant embryos, it seemed that axon elongation of the
Xth nerve was affected outside of the neural tube in the
mutants. When DiI was injected in mutants at E10.5, a half
day later, labeled cell bodies in this region were as numer-
ous as in wild-type embryos (Fig. 4E), suggesting that by
E10.5 the Xth nerve axons had extended normally.
At E10.5, all homozygous mutant embryos (12/12) in-
jected with DiI in the Xth nerve had labeled cell bodies at
r6. This high penetrance is surprising because from the
E11.5 neurofilament staining data, a third of the homozy-
gous embryos looked normal in terms of the connection
between the two IXth nerve ganglia. Indeed, there were
specimens with the wild-type-like pattern of the IXth and
Xth nerves in which labeled cell bodies were detected at r6
after injection of the dye into the Xth nerve. These data
indicate that in some mutant embryos, the IXth nerve
sensory neurons successfully extended axons to the neural
tube but motor neurons at r6 did not make a bundle with
sensory ones of the IXth nerve, but instead extended in the
wrong direction, and went with the Xth nerve.
Thus, in Hoxa3 mutants, at least a part of the motor
neurons at r6 extended their axons with the Xth nerve, even
when the IXth nerve sensory fibers reached the neural tube.
Copyright © 2001 by Academic Press. All rightDorsomedial Migration of the Placode-Derived
Neurons of the IXth Nerve Is Affected in Hoxa3
Mutants
The distal ganglion neurons of the IXth and Xth nerves
are derived from epibranchial placodes, transient thicken-
ings of ectodermal cells formed during development
(D’Amico-Martel and Noden, 1983). In mouse embryos,
these placodes are formed approximately from E8.5 to E10.5
at the dorso-posterior region of the pharyngeal clefts (Fig. 1;
Fode et al., 1998). Neuronal precursor cells delaminate from
the placodes, migrate dorsomedially, differentiate into neu-
rons, and send axons towards the proximal ganglion anla-
gen.
To examine the migration of placode-derived neurons and
the relationship between the migration of these cells and
the axon projection pattern, we performed double staining
for Islet-1 and neurofilament M. Islet-1 immunoreactivity
arises from around E9.5 in the placode-derived neurons and
from around E10.5–10.75 in the proximal neural crest-
derived neurons. In E10.25 wild-type embryos (29–33
somite stage), placode-derived neurons of the IXth nerve
were located from beneath the placode to the region just
ventral to the area where the proximal ganglion would
subsequently be formed (Fig. 5A). Dorsomedial migration of
the placode-derived cells to this extent was confirmed,
when we performed in situ hybridization for placode-
derived cell marker Phox2a (Morin et al., 1997; data not
shown). In Hoxa3 mutants, an altered distribution of the
placode-derived cells of the IXth nerve was observed (Figs.
5D and 5G). In some mutants, there was no Islet-1 signal
just ventral to the IXth nerve proximal ganglion (Fig. 5D);
and in others, the IXth nerve placode-derived cells migrated
abnormally towards the Xth nerve distal ganglion (Fig. 5G).
These results show that in Hoxa3 mutants, the IXth nerve
placode-derived cells delaminate, differentiate, and migrate
to some extent to form the distal ganglion, but fail to
continue their migration toward the proximal ganglion. As
abnormal caudal migration of these cells was observed in
some mutants, it seems that Hoxa3 is required not for
motility but for the proper guidance of these cells. Double
staining for Islet-1 and neurofilaments suggested that when
placode-derived cells failed to migrate towards the IXth
proximal ganglion-forming area, these neurons could not
send axons to the neural tube, probably giving rise to
phenotype 1 (Figs. 5D–5F), and that when the placode-
derived cells migrate caudally, they could send axons to-
wards the proximal ganglion, resulting in phenotype 2 (Figs.
5G–5I).
Distribution of NCCs Associated with the IXth
Nerve Is Abnormal in Hoxa3 Mutants at E9.5
Like the proximal ganglion neurons of the branchial
nerves, glial cells associated with these nerves are derived
from NCCs (D’Amico-Martel and Noden, 1983). Whereas
neuronal precursor cells of the proximal ganglia aggregate at
the lateral margin of the neural tube, NCCs that become
s of reproduction in any form reserved.
23Hoxa3 in IXth Nerve Developmentglial cells migrate more ventrally and are distributed
throughout areas where nerve fibers extend (Ayer-Le Lievre
and Le Douarin, 1982). Previous analysis of NCC migration
in Hoxa3 mutants revealed no gross abnormalities (Manley
and Capecchi, 1995), but there remained the possibility that
the migration of a subpopulation of NCCs is affected.
Therefore, we reexamined the migration pattern of NCCs
in Hoxa3 mutants in detail. In situ hybridization for
CRABP1 in wild-type embryos showed this gene to be
expressed in NCCs distributed along the IXth and Xth
nerves at E9.5 (Fig. 6A). In Hoxa3 mutants, there was a gap
of signal between the proximal and distal ganglion anlagen
of the IXth nerve (Fig. 6B). Another NCC marker gene,
cadherin6, was also expressed in cells along the IXth and
Xth nerves, presumably in Schwann cell precursors (Inoue
et al., 1997). In E9.5 wild-type embryos, the cadherin6
signal was located from the proximal ganglion to the distal
ganglion anlagen of the IXth nerve (Fig. 6C); but in Hoxa3
mutants, there was no signal between these ganglia (Fig.
6D). In Hoxa3 heterozygous mutants, a milder phenotype
was observed at lower penetrance for both CRABP1 and
cadherin6 probes than in homozygous mutants. In addition,
Hoxa3 itself was expressed in NCCs associated with the
IXth and Xth nerve at this stage (Figs. 6E and 6F). Hoxa3
was also expressed in the mesenchymal cells at this axial
level at a much lower level than in the NCCs. In Hoxa3
mutants, transcripts for Hoxa3 59 of the homeobox are
generated. So in the mutants, cells that would normally
express Hoxa3 are detectable by in situ hybridization using
an antisense probe corresponding to the incomplete tran-
scripts. In E9.5 Hoxa3 mutants, the distribution of cells
that would express this gene was altered (Fig. 6F). Hoxa3
signals were detected around the IXth nerve distal ganglion
anlage, but there was no signal observed between the
proximal and distal ganglion anlagen of the IXth nerve.
Finally, we examined the expression of the glial cell
lineage marker, Sox10 (Britsch et al., 2001) in wild-type and
mutant embryos at the same stage. In wild-type embryos,
Sox10-positive cells were observed along the IXth and Xth
nerve (Fig. 7A). To our surprise, in Hoxa3 homozygous
mutants, there was almost no or greatly reduced signal
around the distal ganglion anlage (Fig. 7C). Interestingly,
the distribution pattern of Sox10-expressing cells in two out
of 12 heterozygous mutants (Fig. 7B) was quite similar to
those patterns of CRABP1, cadherin6 and Hoxa3-
expressing cells in homozygous mutants; i.e., there was a
gap between the two ganglia of the IXth nerve (Figs. 6B, 6D,
and 6F). The 10 other ganglia showed the normal Sox10
expression pattern.
At E9.5, dorsomedial migration of placode-derived cells
has already started and these cells and NCCs should inter-
act with each other (see Fig. 9A). In Hoxa3 mutants, there
were signals for CRABP1, cadherin6, and Hoxa3 at the
distal ganglion anlage of the IXth nerve, indicating that at
least a part of the NCCs that express any of these genes can
migrate toward this region. However, in Hoxa3 mutants,
around the proximal ganglion primordia of the IXth and Xth
Copyright © 2001 by Academic Press. All rightnerve, ventrocaudally directed-distribution patterns of
NCCs were seen (Figs. 6B, 6D, and 6F), suggesting that
migration of NCCs from r6 was affected in Hoxa3 mutants.
NCCs having Sox10 expression were hardly detected in the
distal ganglion anlage of the IXth nerve in homozygous
mutant embryos and there were many Sox10-positive cells
adjacent to the otic vesicle (Fig. 7C), indicating that Sox10-
expressing cells at the level of r6 could not migrate ven-
trally. In some heterozygous mutants that revealed an
abnormal distribution pattern of Sox10-positive cells (Fig.
7B), at least a part of these cells could migrate to the distal
ganglion primordium, although there was a gap between the
two ganglia. These data show that migration of NCCs that
are associated with the IXth nerve is affected in Hoxa3
mutant embryos.
Migration of a Small Subset of NCCs at the Level
of R6 Is Defective in Hoxa3 Mutants at E8.75
As discussed above, the distribution pattern of NCCs
along the branchial nerves at E9.5 should reflect the pattern
of placode-derived cells. To know whether NCCs at the
level of r6 migrate normally at earlier stages or not, we
performed in situ hybridization for Hoxa3 at the 15–17
somite stage (E8.75), when the placodal cells have not yet
started to delaminate. In wild-type embryos at this stage,
Hoxa3 was expressed strongly in NCCs migrating to the
IXth nerve-forming area, and at a lower level in mesenchy-
mal cells (Fig. 8A). Hoxa3-expressing NCCs formed a
stream from the fusion point of the neural tube to the
branchial arch (Figs. 8A and 8B; arrowheads). In Hoxa3
mutants, these NCCs did not reach the proximity of the 3rd
branchial arch; and many of these cells remained in the
dorsal area (Fig. 8C; arrowheads), indicating that the migra-
tion of NCCs strongly expressing Hoxa3 was defective at
the level of r6. In some mutants, the migration pathway of
the NCCs at this axial level had shifted in a slightly caudal
direction (Fig. 8C; arrowheads). These results show that
Hoxa3 is required to regulate directed migration of NCCs at
the r6 level.
As mentioned above, CRABP1 was expressed in NCCs
associated with the IXth and Xth nerves, and also in NCCs
localized in the branchial arches (Fig. 6A). When we per-
formed in situ hybridization for CRABP1 at E8.75, the same
stage at which the Hoxa3 probe revealed migration defects,
wild-type and mutant embryos showed essentially the same
pattern (data not shown). In addition, in situ hybridization
for COUP-TF1, which is expressed in NCCs (Qiu et al.,
1997) was performed in E9.5, and there was no difference in
the distribution of COUP-TF1-positive cells between wild-
type and mutant embryos (data not shown). It appears that
in Hoxa3 mutants, a large number of NCCs migrate nor-
mally at the r6 level and that migration defects of a small
subset of NCCs cannot be detected when CRABP1 and
COUP-TF1 are used as probes. In an earlier study (Manley
and Capecchi, 1995), molecular marker analysis and label-
ing experiments revealed no gross difference in the number
s of reproduction in any form reserved.
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24 Watari et al.FIG. 6. Distribution of NCCs associated with the IXth nerve is affected in Hoxa3 mutants at E9.5. In situ hybridization for CRABP1 (A,
B), cadherin6 (C, D), and Hoxa3 (E, F) in wild-type embryos (A, C, E) and Hoxa3 homozygous mutants (B, D, F) at E9.5. (A–F) Arrowheads
ndicate positions of the proximal and distal ganglion anlagen of the IXth nerve. In wild-type embryos, NCCs are associated with the IXth
erve between the proximal and distal ganglia (A, C, E, arrows). In Hoxa3 mutants, no signal is observed between the two ganglia of the
Xth nerve (B, D, F, brackets), although signals are detected around the distal ganglion of this nerve.
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mutant embryos. (B–G) The dotted line indicates the otic vesicle; (D–G) Brackets mark r6 and the 3rd arch (BA3).
25Hoxa3 in IXth Nerve DevelopmentFIG. 7. Aberrant distribution of Sox10-positive NCCs in Hoxa3 mutants at E9.5. In situ hybridization for Sox10 in wild-type (A),
eterozygous (B), and homozygous (C) mutants at E9.5 was performed. In wild-type embryos (A), Sox10-expressing cells are along the IXth
arrow) and Xth nerves. (B) In some heterozygous mutants, the Sox10 signal is detected near the proximal and distal ganglion anlagen of the
Xth nerve (arrowheads) but not in the area between them (bracket). (C) In homozygous mutants, Sox10-positive cells are not detected or
reatly reduced around the distal ganglion primordium. There remain many Sox10-positive cells adjacent to the otic vesicle (arrow). TheFIG. 8. Migration of a small subset of NCCs at r6 is defective in Hoxa3 mutants at E8.75. (A) A transverse section at the level of r6 after
whole-mount in situ hybridization of a wild-type embryo at E8.75. At this level, Hoxa3 is expressed in mesenchymal cells and in the neural
tube at a lower level, and much stronger expression is observed in a population of NCCs that forms a stream from the fusion point of the
neural tube to beneath the placode. Bracket marks the placodal region. (B, C) Whole-mount in situ hybridization for Hoxa3 in wild-type
mbryo (B) and Hoxa3 mutant (C). In the wild-type embryo, NCCs having strong Hoxa3 expression are located from the most dorsal region
owards the placode (B, arrowheads). In Hoxa3 mutant, the NCCs which would normally express Hoxa3 are not observed near the placode,
ut remain in the dorsal region, and reveal a slightly caudal migration (C, arrowheads). (D, E) AP tag staining with ephrinA5-AP reveals the
ocalization of EphAs in wild-type (D) and Hoxa3 mutant embryo (E) at E8.75. NCCs at the level of r6 towards the third arch are stained
t the same level between wild-type and mutant embryos. In Hoxa3 mutant, at the region just posterior to the r6/7 boundary EphA-positive
ells are observed (E, arrowhead), suggesting that the population of NCCs that migrate abnormally in Hoxa3 mutants are EphA-positive and
hat EphA expression in these cells is independent of the presence of Hoxa3. (F, G) AP tag staining with EphA2-AP in both wild-type (F)
nd Hoxa3 mutant (G) show the localization of ephrin-As at r7 and the fourth arch. No difference is observed between wild-type and Hoxa3roximal and distal ganglion anlagen of the IXth nerve are indicated by arrowheads.
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26 Watari et al.and migration pathway of NCCs. Taken together, these
data suggest that only a small subset of NCCs in r6 fails to
migrate properly in Hoxa3 mutants. Without Hoxa3, per-
haps only the NCCs that would normally express Hoxa3 at
high level are defective in their migration, and the rest of
NCCs at this axial level are not affected.
Expression Domains of EphAs and ephrin-As Are
Largely Unchanged in Hoxa3 Mutants
As Hoxa3 is a transcription factor, it is most likely that
oxa3 regulates the transcription of cell movement guid-
nce molecules and/or receptors to detect these cues. In
enopus, Eph family receptor tyrosine kinases and their
igands are known to be involved in directed migration of
ranial NCCs (Smith et al., 1997). In the mouse, an inter-
sting localization pattern of EphAs was reported: EphAs
ere present on the NCCs in r6 and the 3rd branchial arch,
ut not on those in r7 and the 4th arch (Flenniken et al.,
1996). It may be possible that EphAs may be downregulated
in Hoxa3 mutants, causing defective migration of NCCs at
6.
To test this possibility, we examined the localization of
phAs in wild-type and Hoxa3 mutants at E8.75, using
zebrafish ephrin-A5 fused to alkaline phosphatase (AP) as
an affinity probe (Brennan et al., 1997). The use of a
zebrafish gene with AP tag staining was successful in
mouse embryos due to conserved interactions between
Ephs and ephrins across species (Nakagawa et al., 2000),
revealing essentially the same localization pattern of EphAs
as when mouse ephrin genes were used (Flenniken et al.,
1996). At E8.75, EphAs were distributed throughout the
whole span of r6 and the third arch (Fig. 8D; brackets).
There seemed to be more EphA-positive NCCs than those
strongly expressing Hoxa3 at this level (compare Fig. 8D
with Fig. 8B). Whether or not EphA-positive NCCs include
NCCs strongly expressing Hoxa3 remains to be determined
(discussed below). In Hoxa3 mutants, the pattern was
ostly indistinguishable from that of wild-type embryos
Fig. 8E), indicating that EphA expression seemed to be
ndependent of the presence of Hoxa3. Additionally, this
bservation supports our findings that in Hoxa3 mutants,
he migration of a large population of NCCs at the r6 level
as not affected. It should be noted that in some Hoxa3
utants, additional EphAs signals were observed in the
egion just posterior to the r6/7 boundary (Fig. 8E; arrow-
ead). Presumably, these ectopic EphA-positive cells were
he NCCs that abnormally moved in the caudal direction
rom r6, and such cells should not be detected when
arkers that are expressed in NCCs from both r6 and 7 are
sed. From this observation, EphAs seem not to be down-
egulated even in the small population of NCCs revealing
igration defects in Hoxa3 mutants. Probably only a small
population of EphA-positive NCCs would migrate abnor-
mally in Hoxa3 mutants at the level of r6 and the third
arch, although this could not be detected due to the rest of
Copyright © 2001 by Academic Press. All rightthe EphA-positive cells, which migrated normally toward
the third arch.
We also checked the localization pattern of ephrin-As,
which are ligands for EphAs, using zebrafish EphA2-AP
fusion protein (Durbin et al., 1998). Ephrin-As are known to
be localized at the level of r7 and the fourth arch and are not
detected at r6 and the third arch (Flenniken et al., 1996).
There was no difference in ephrin-A localization between
wild-type and mutant embryos at E8.75 (Figs. 8F and 8G).
From these data, we do not have any evidence that EphAs
and ephrin-As are downstream of Hoxa3 and are involved in
NCC migration at the level of r6. However, it should be
noted that these analyses cannot exclude the possibility of
the failure to detect downregulation of EphAs or ephrin-As
only in a small population of cells that normally express
these genes.
DISCUSSION
In this report, we investigated the development of the
IXth nerve in Hoxa3 mutant embryos in detail and found
hat Hoxa3 is important for the proper integration of the
hree components of this nerve, which are motor neurons
nd sensory neurons of the proximal and distal ganglia. In
oxa3 mutants, (1) NCC migration, (2) dorsomedial migra-
ion of epibranchial placode-derived cells, and (3) axon
rojection patterns of the three types of neurons are af-
ected. First, we will briefly summarize the time course of
he IXth and Xth nerve development (see Fig. 9A), and then
iscuss each defect and the relationships among them (Figs.
B and 9C).
Development of the IXth and Xth Nerve
Among the components of the branchial nerves, glial
cells and proximal ganglion neurons are derived from
NCCs. NCC emigration from the neural tube begins at E8.5
and ends by E9.0 (Serbedzija et al., 1992). By E8.75, a part of
NCCs are distributed throughout the IXth and Xth nerve-
forming area, from the dorsal part of the neural tube to
beneath the epibranchial placodes. Then placode-derived
cells start to delaminate about E9.0 (Fode et al., 1998) and
they migrate dorsomedially to near the proximal ganglion
anlagen, although these cells finally aggregate distantly
from the proximal ganglia to form the distal ganglia.
Placode-derived cells differentiate much earlier than NCC-
derived neurons, as Islet-1 immunoreactivity arises in the
placode-derived cells at around E9.5 and in the proximal
ganglion neurons at E10.5. Placode-derived cells also be-
come neurofilament positive at E9.5, and this signal reaches
the neural tube at E10.0 (data not shown). Differentiation of
motor neurons occurs as early as that of placode-derived
cells. Motor neurons extend their axons dorsally in the
neural tube by E10.0, and then send them outside of the
neural tube (Figs. 4A and 4C). Motor neurons seem to
extend their axons along with the axons or cell bodies of the
s of reproduction in any form reserved.
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27Hoxa3 in IXth Nerve Developmentplacode-derived cells, which have become distributed from
near the exit point of the motor axons to the placodes. We
suppose that NCC-derived neurons send their axons along
with those of the other two populations.
NCC Migration in Hoxa3 Mutants
Detailed in situ hybridization analyses with several NCC
marker probes revealed that in Hoxa3 mutants, a subset of
NCC migration is defective. A previous study on NCCs in
Hoxa3 mutants concluded that there was gross abnormality
in neither number nor migration pathway (Manley and
Capecchi, 1995). This difference between our current study
and this previous one probably results from our having
focused on NCCs that are localized along the branchial
nerves.
Which cell types are affected in migration? We used
CRABP1, cadherin6, Hoxa3, and Sox10 antisense probes as
markers of NCCs that are associated with the branchial
nerves, and found NCC migration defects. CRABP1 and
Hoxa3 are expressed not only in NCCs but also in ectoderm
including epibranchial placodes. Cadherin6 expression
along the IXth and Xth nerves is similar to that of the glial
cell lineage marker Sox10 (Britsch et al., 2001). It has been
reported that cadherin6-positive cells are associated with
peripheral nerve fibers at E12.0 and that these cells are not
observed in the hindlimbs of Splotch mice. As Schwann
cells do not migrate into the hindlimbs of Splotch mice, it
is probable that cadherin6 is expressed in Schwann cell
lineage (Inoue et al., 1997). The transition in expression
pattern of all four markers used in this report, CRABP1,
cadherin6, Hoxa3, and Sox10, was quite similar during the
IXth and Xth nerve development. At E8.75, before the onset
of delamination of neuronal cells from placodes, NCCs
expressing these genes were already distributed from the
dorsal neural tube to the placodal region, although they had
not yet segregated as distinct populations associated with
the prospective IXth and Xth nerves. At E9.5 these cells
gathered along the forming IXth and Xth nerves (Fig. 9B). At
E10.0 and E10.5, when the connection between the placode-
derived neurons and the neural tube had been established,
these cells became more closely associated with the IXth
and Xth nerves than at E9.5. In the chick embryo, before
neuronal precursor cells of the distal ganglia start to de-
laminate from the placodes, streams of NCCs are distrib-
uted from the dorsal closure point of the neural tube to
beneath the placodes. These cells associate with the
placode-derived cells and their nerve fibers, and then be-
come glial cells (Ayer-Le Lievre and Le Douarin, 1982).
Taken together, although the precise characters of
CRABP1, cadherin6, and Hoxa3-expressing NCCs have not
been determined, at least some of these cells should differ-
entiate into glial cells.
NCC migration defects at E8.75. At E8.75, before de-
lamination of the IXth and Xth nerve neuron precursors
from the placodes, the NCC migration defect was already
seen in Hoxa3 mutants (Fig. 9B). NCCs having strong
Copyright © 2001 by Academic Press. All rightHoxa3 expression failed to migrate ventrally, and many of
these cells stayed in the dorsal area. The stream-like distri-
bution pattern at the level just posterior to the otic vesicle
in wild-type embryos was not seen in the Hoxa3 mutants,
indicating that a subpopulation of NCCs from r6 had
migration defects and sometimes migrated in a slightly
caudal direction.
To address the question as to what causes this NCC
migration defect, we checked one candidate system, EphAs
and ephrin-As but found no difference in their gross expres-
sion patterns between mutants and wild type. So, some
other system(s) of guidance cues for the NCCs should be
affected locally in the Hoxa3 mutant embryos. Recently, it
was shown that ectopic expression of Hoxa2 affected cra-
ial NCC migration (Pasqualetti et al., 2000). Probably
CC migration at different axial levels is regulated by
ifferent Hox genes. Since Hoxa3 is expressed in both
CCs and surrounding mesenchymal cells, future recipro-
al transplantation experiments using these cells from
ild-type and mutant embryos should reveal which type of
ell is responsible for the defect, including the issue of cell
utonomy.
NCC distribution pattern at E9.5. At E9.5, NCC distri-
ution patterns should reflect those of the placode-derived
ells (Fig. 9B). In wild-type embryos, NCCs began to be
ocalized along with the developing IXth and Xth nerve. In
oxa3 mutants, migration defects of placode-derived cells
ould be detected from E9.5 (data not shown). In situ
ybridization in mutant embryos showed that NCCs that
xpressed CRABP1, cadherin6, and Hoxa3 were positioned
round the proximal and distal ganglion anlagen of the IXth
erve but not in the area just ventral to the proximal
anglion anlage. It is likely that in Hoxa3 mutants, the
bsence of placode-derived cells just ventral to the proximal
anglion primordium results in this NCC-free area (Fig. 9B).
n situ hybridization with the above probes revealed that
CCs from r6 migrated in the slightly caudal direction, but
he presence of signals around the distal ganglion anlage of
he IXth nerve suggests that at least some NCCs could
each the area beneath the placode. This was also confirmed
y an observation that there exist satellite cells in the distal
anglion of E18.5 Hoxa3 mutant embryos (Y.K. et al.,
npublished observation). On the other hand, Sox10-
xpressing NCCs were hardly detected around the distal
anglion primordium of the IXth nerve in almost all Hoxa3
omozygous mutants, which findings may indicate that
ox10-positive NCCs were more severely affected than
RABP1, cadherin6, and Hoxa3-expressing NCCs. How-
ever, there is also the possibility that the CRABP1, cad-
herin6, Hoxa3-positive NCC population contains Sox10-
positive and negative subpopulations, and that only the
Sox10-positive one is affected in migration.
NCCs differentiate into various types of cells, such as
neurons, glial cells, cartilage, and bones. The mechanism
that regulates the migration of these various NCC popula-
tions is almost unknown. In this study, we have demon-
s of reproduction in any form reserved.
28 Watari et al.FIG. 9. Summary of the IXth nerve defects in Hoxa3 mutant embryos. (A) Time course of the IXth nerve development. The Xth nerve
develops with almost the same time course as the IXth nerve. NCC emigration from the neural tube starts at E8.5 and ends by E9.0.
Delamination of placode-derived neuronal cells begins at around E9.0 and dorsomedial migration of the cells continues until E10.5. The
immunoreactivity of Islet-1, a neuronal marker, can be detected at E9.5 in distal ganglion neurons and motor neurons: but in proximal
ganglion neurons, it arises later at E10.5. Motor neurons extend axons dorsally in the neural tube from E9.5 to E10.0 and thereafter send
them outside of the neural tube along the sensory fibers, presumably from the placode-derived neurons. (B, C) Summary of the observed
abnormalities in the IXth nerve of Hoxa3 mutants. (B) NCC migration defect and alteration in distribution pattern. At E8.75, NCCs are
already located in the IXth and Xth nerve-forming area in wild-type embryos. In Hoxa3 mutants, migration of an NCC subpopulation at
the level of r6 is defective; i.e., the Sox10-positive population (dark purple) seems to fail to migrate towards the placode, but some cells of
less severely affected populations such as cadherin6-positive cells (light purple) reach a position beneath the placode. At E9.5, in wild-type
embryos, NCCs become localized along the developing IXth and Xth nerves. In Hoxa3 mutants, NCCs associate with the placode-derived
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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29Hoxa3 in IXth Nerve Developmentstrated that a subpopulation of NCCs including glial cell
precursors is abnormal in Hoxa3 mutants.
Dorsomedial Migration of Placode-Derived
Neurons in Hoxa3 Mutants
From our double-staining experiment using anti-Islet-1
and anti-neurofilament antibodies, it is likely that the two
types of defects in the IXth nerve (phenotypes 1, 2) of Hoxa3
mutants result from perturbed migration patterns of the
IXth nerve distal ganglion cells (Fig. 9C). When the migra-
tion of these placode-derived cells was disturbed and the
cells did not reach the area near the proximal ganglion,
axons from the distal ganglion cells failed to reach the
proximal ganglion, giving rise to phenotype 1. When the
IXth nerve distal ganglion cells migrated caudally, they sent
their axons along the Xth nerve, presumably resulting in
phenotype 2. In both type-1 and -2 mutants, compared with
wild-type embryos, no distinguishable difference in the
number of placode-derived cells of the IXth nerve was
detected by in situ hybridization for Phox2a (data not
shown) or by immunostaining for Islet-1, indicating that
delamination and differentiation occurred normally. Actu-
ally, these neurons were positive for neurofilament and sent
their axons into the periphery. We observed that in wild-
type embryos, placode-derived cells of the IXth nerve mi-
grated in a continuous stream from the placode at E10.25 to
close proximity of the proximal ganglion anlage. Thus,
there seems to be some regulatory systems, which require
Hoxa3 function, to guide placode-derived cells to a position
near the proximal ganglion-forming region.
However, the elongated stream-like distribution of
placode-derived cells was transient. In wild-type embryos
by E11.5, these cells had become positioned distantly from
the proximal ganglion, forming an isolated distal ganglion.
It is not clear whether placode-derived cells that once
migrated near the proximal ganglion retreat in the direction
to the placode and aggregate to form a distal ganglion, or
some of the placode-derived cells are eliminated between
the proximal and distal ganglia by cell death. In view of the
fact that among the three neuronal components, the
placode-derived cells were first to become neurofilament
positive in the periphery, the dorsomedial migration of the
placode-derived cells seems to be quite important for the
three types of neurons to make connection between the
distal and proximal ganglia.
Guidance mechanisms of the placode-derived cells at
neurons whose migration is abnormal, making an NCC-free area be
in dorsomedial migration of placode-derived neurons affect axon pro
placode-derived neurons (shown in blue) migrate close to the proxim
mutants, migration of the IXth nerve placode-derived neurons is dis
1). In 30% of the homozygous mutants, these cells migrate caudall
the Xth nerve (type 2). The motor neurons and proximal ganglion
ganglion (type 1) or to the fused ganglia of the IXth and Xth nerves (typ
Copyright © 2001 by Academic Press. All rightach level of the A-P axis are poorly understood. As NCC
igration defects in Hoxa3 mutants occurred at earlier
tages than defects in placode-derived cell migration, there
s a possibility that the abnormal migration of placode-
erived cells was due to reduced of communication be-
ween these cells and NCCs surrounding them. However,
here were Hoxa3 heterozygous embryos in which Sox10-
ositive NCCs were localized around the forming distal
anglion of the IXth nerve but not between the proximal
nd distal ganglion primordia (Fig. 8B). In these specimens,
t seems that dorsomedial migration of placode-derived
ells was disturbed, even when some NCCs reached the
rea around the distal ganglion anlage of the IXth nerve,
uggesting that the migration defect of placode-derived cells
as the primary defect and independent of the NCC migra-
ion defect. Although the possibility that the dorsomedial
igration defect is the secondary one could not be ex-
luded, we demonstrated here that Hoxa3 is required for the
roper guidance of the placode-derived cells of the IXth
erve.
Axon Guidance of the Motor Neurons at R6 in
Hoxa3 Mutants
In addition to sensory nerves, the IXth nerve also com-
prises branchial and visceral motor nerves. The cell bodies
of these motor neurons form the inferior salivatory nucleus
and anterior part of the nucleus ambiguus in the hindbrain.
Motor nerves exit from the neural tube at the points where
some late-migrating NCCs become attached (Niederlander
and Lumsden, 1996). Judging from results of the anti-
neurofilament staining and retrograde lipophilic dye label-
ing of the Xth nerve in Hoxa3 mutants, some motor
neurons at r6 extended from the correct places but sent
their axons to the Xth nerve instead of to the IXth nerve.
Such results strongly suggest that Hoxa3 regulate the
uidance system for the extension of IXth motor axons
owards the IXth sensory ganglion. In other words, the IXth
erve motor neurons seem to be guided by at least two
ifferent systems, one common to the IXth/Xth nerve,
robably from the exit points/boundary cap-cells, and the
econd specific to the IXth sensory nerve/ganglion. The
atter system seems to be regulated by Hoxa3.
Although there still remains a possibility that a small
opulation of the Xth motor neurons migrated from r7 to r6,
r motor neurons at r6 acquired the identity of r7 in Hoxa3
utants and their axons were attracted by the Xth sensory
n the proximal and distal ganglion primordia (brackets). (C) Defects
on patterns of all three types of neurons. In wild-type embryos, the
nglion anlage (red circles). In about 40% of the Hoxa3 homozygous
d, and these cells can not send axons to the proximal ganglion (type
he Xth nerve, and send their axons to the proximal ganglion along
ons of the IXth nerve send axons wrongly to the Xth nerve distaltwee
jecti
al ga
turbe
y to t
neure 2).
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30 Watari et al.ganglion/nerve. At this moment, this possibility is hard to
test since there is no known appropriate marker discrimi-
nating these motor neurons.
It should be noted that even in the mutant embryos that
had the connection between the two IXth nerve ganglia
separately from the Xth nerve, misguidance of the motor
neurons at r6 was observed. From the neurofilament stain-
ing data, about 30% of the homozygous mutants appeared
to be normal, but it seems that almost all of homozygous
mutants have abnormalities in the IXth nerve.
Function of Hoxa3 in Organogenesis
How should we comprehend the phenotypes of Hoxa3
mutant mice? It seems that one of the Hoxa3 functions is to
guide components of some organs to fuse together to form a
functional system. As for the thyroid gland, which usually
engulfs calcitonin-producing cells, these two components
remain separated in Hoxa3 mutant embryos (Manley and
Capecchi, 1995, 1998). The thymus, which is missing or
greatly reduced in Hoxa3 mutants, should be formed with
NCC-derived mesenchymal cells and the cells derived from
the 3rd pharyngeal pouch endoderm. Our data presented in
this paper suggested that the placode-derived distal gan-
glion of the IXth nerve should move close to the NCC-
derived proximal ganglion to project central axons to the
neural tube (Fig. 9C). Knockout mice for another Hox gene,
Hoxb1, also show a cell movement defect, one in facial
branchiomotor neurons (Goddard et al., 1996; Studer et al.,
996). Throughout the animal phyla, Hox genes seem to
have this kind of cell guidance/positioning function in the
developing embryo, since a nematode homeobox gene is
also known to regulate neuroblast movements (Harris et al.,
1996). Further analyses of Hoxa3 mutants may reveal some
of these cell-movement guidance cues.
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